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Acceleration eﬀect of reduced graphene oxide on
photoinduced synthesis of silver nanoparticles†
Bin Tang,a Xueliang Hou,a Jingliang Li,a Mingwen Zhang,a Lu Sun*ab and
Xungai Wang*ab
The photoinduced growth reaction of silver nanoparticles was accelerated by reduced graphene oxide (RGO)
produced from graphene oxide (GO) during the light irradiation process in aqueous solution. X-ray
photoelectron spectroscopy (XPS) and Raman spectroscopy demonstrated that RGO was generated in the
photoinduced process. The acceleration eﬀect of RGO was investigated through monitoring the extinction
spectra of silver nanoparticles during the synthesis process. Moreover, transmission electron microscopy (TEM)
was employed to characterize the evolution of morphologies of silver nanoparticles at diﬀerent irradiation
times to demonstrate the eﬀect of RGO. The results indicate that RGO accelerates the photoinduced synthesis
of silver nanoparticles. It is proposed that the acceleration eﬀect of RGO on the photoinduced reaction
is attributed to the particular property of high electronic conductivity.
1. Introduction
Silver nanoparticles with well-defined morphologies and localized
surface plasmon resonance (LSPR) have attracted extensive atten-
tion, because of their potential applications in areas such as surface
enhanced spectroscopy,1,2 biological sensing,3 and optoelectronic
devices.4–7 LSPR properties of the noble metal (including silver and
gold) nanoparticles are related to their size, shape, composition
and surroundings.8–11 Many strategies have been developed to
synthesize shape controlled anisotropic silver nanoparticles to tune
their LSPR optical properties.12–18 Among them, the photoinduced
growth method is one of the most popular routes.12,13,19–23 Mirkin
et al. reported the synthesis of silver nanoprisms through conver-
sion of silver seeds by photoinduction.13 The silver seeds were
prepared through reduction of silver nitrate by sodium borohydride
in the presence of trisodium citrate and the bis(p-sulfonatophenyl)-
phenylphosphine dihydrate dipotassium salt (BSPP). Subsequent
light irradiation induced the silver seeds to grow into silver
nanoprisms with multiple plasmon resonance modes. The particle
growth process was driven by surface plasmon excitations.12,24
Recently, the photochemical process was believed to involve
the reduction of silver cations by citrate on the silver particle
surface and the oxidative dissolution of small silver particles.25
In the meantime, a similar mechanism of photoconversion from
citrate stabilized silver seeds to nanoprisms was proposed by Wu
et al.26 It involved photooxidation of citrate by hot ‘‘holes’’ from
the plasmon dephasing on the surface of the nanoparticles,
oxidative etching of silver in the presence of O2, and selective
reduction of aqueous silver ions on crystalline prisms with a
high photovoltage. Insight into the photoconversion mechanism
of silver nanoparticles could help the development of a photo-
induced route for the synthesis of noble metal nanoparticles.
Graphene has a two-dimensional structure and many unique
properties, such as great intrinsic carrier mobility, excellent
mechanical flexibility, large specific surface area and high electrical
conductivity.27–32 As a result, graphene has been developed for
numerous applications including nanoelectronic devices,33
sensing,34–36 energy generation systems,27,37–39 photocatalysis40–42
and transparent conductive films. For example, graphene was used
to combine with titanium dioxide (TiO2) to enhance the photo-
catalytic performance of TiO2 even under visible light.
40,41,43–46 It
was suggested that graphene retarded the recombination of
electron–hole pairs in the excited TiO2 because the high elec-
tronic conductivity of graphene leads to facile charge transpor-
tation and separation. This resulted in an increased number of
holes participating in the photooxidation process and enhance-
ment of the photocatalytic activity of TiO2. In addition,
enhanced light absorption and extended light absorption
ranges were considered to be the key factors affecting the
improvement of photocatalysis resulting from graphene.40,42,45
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These prominent features of graphene inspired us to investi-
gate the interaction between graphene and silver nanoparticles
with LSPR during the photoinduced process.
Herein, the eﬀect of graphene on the photoinduced growth
of silver nanoparticles was observed through adding diﬀerent
amounts of graphene oxide (GO) solution into the silver seed
solution. The transformation from GO to reduced graphene
oxide (RGO) during light irradiation was investigated. Spectral
measurements and morphological characterization of silver
nanoparticles were performed at diﬀerent reaction periods.
The role of RGO in increasing the photoinduced reaction rate
was observed. Furthermore, the mechanism involving interaction
of silver nanoparticles and RGO is discussed.
2. Experimental section
2.1 Materials
Graphite, AgNO3 (>99%), trisodium citrate (Z99.0%), sodium
borohydride (>98%) and hydrogen peroxide (30 wt%) were
purchased from Sigma-Aldrich. All the chemicals were analytical
grade and used as received.
2.2 Synthesis of GO nanosheets
GO was obtained by exfoliating graphite following a reported
method with modifications.47 Briefly, 10 g of graphite flakes
and 7.5 g of sodium nitrate were added to 300 mL of sulfuric
acid (98%), and then 40 g of potassium permanganate was
added to the reaction slowly over 1 h. The mixture was stirred at
room temperature for 3 days. 1 L of hydrogen peroxide solution
(1% in water) was then added into the mixture. Subsequently,
the mixture was filtered and washed with deionized water until
pH = 7. The resulting black cake was re-dispersed in de-ionizedwater
to give a dark brown dispersion, which was subjected to dialysis for
one week to remove the residual salts and acids. The brown
suspensionwas then dried at 40 1Cunder vacuum. GOnanoparticles
were produced by ultrasonicating the large GO in water for 30 min.
The GO dispersion was then centrifuged at 25000 rpm for 30 min
to remove the large nanosheets and particles. The concentration
of as-synthesized GO was 0.4 mg mL1.
2.3 Photoinduced synthesis of silver nanoparticles
A typical experiment was carried out by a photoconversion
process. First, silver seeds were prepared by dropwise addition
of NaBH4 solution (8.0 mM, 1.0 mL) to an aqueous solution of
AgNO3 (0.1 mM, 100 mL) in the presence of trisodium citrate
(1.0 mM) under vigorous stirring. Yellow silver seed solutions
were obtained. Subsequently, the GO solutions of diﬀerent
volumes (0.125 mL, 0.25 mL and 0.50 mL) were added into the
silver seed solutions and stirred for 3 min. The silver seed
solutions with GO were then placed under a sodium lamp
(NAV-T 70 model from Osram China Lighting Co., Ltd.). The
lamp has a main emission band in the range 560–620 nm after
lighting up over 20 min.48 The color of silver colloids changed
from yellow to green, and finally to blue during the irradiation
process. All other experimental conditions were kept consistent
for investigation of the effect of RGO on the photoinduced
synthesis of silver nanoparticles. The reaction solutions were
characterized at different time periods.
2.4 Characterization
X-ray photoelectron spectroscopy (XPS) analysis was performed on
a Thermo ESCALAB 250 spectrometer with a Mg-Ka (1253.6 eV)
achromatic X-ray source. Raman spectra were obtained by using a
BWTEK-Miniram BTR-111miniature Raman spectrometer with
532 nm laser. Extinction spectra of silver nanoparticle solutions
were recorded using a Varian Cary 3E UV/vis spectrophotometer.
Transmission electron microscopy (TEM) and high-resolution
transmission electronmicroscopy (HRTEM) images were obtained
using a JEOL JEM-2100 and a JEOL JEM-2100F with an accelera-
tion voltage of 200 kV, respectively. Samples for TEM and HRTEM
analysis were prepared by dripping a drop of silver nanoparticle
solutions onto the copper grids with (holey) thin carbon films
and drying them in the air at room temperature. XRD patterns
were collected on a Panalytical X’Pert PRO diﬀraction system
using Cu Ka radiation.
3. Results and discussion
3.1 Transformation of GO into RGO by photoinduction
In the process of light irradiation, GO probably varied due to
the role of light. In order to examine the changes in GO during
photoinduced growth of silver nanoparticles, XPS and Raman
spectroscopy were employed to analyze the chemical composi-
tions of pristine GO and silver nanoparticles with GO after
photoinduction. Fig. 1A depicts the deconvoluted C 1s XPS
spectrum of the pristine GO. The peak centered at 284.9 eV is
attributed to the C–C and CQC bonds. The peaks centered
at 287.0, 287.8 and 289.0 eV are assigned to the C–O, CQO and
O–CQO bonds, respectively.49–51 While the XPS C 1s spectrum
of silver nanoparticles with GO after photoinduction shows
only two peaks centered at 284.5 and 288.1 eV (Fig. 1B). The
peaks assigned to C–O and CQO almost disappeared in the
XPS C 1s spectrum of photoinduced silver nanoparticles with
GO, which indicated effective de-oxygenation of GO in the
photoinduced process of silver nanoparticles. However, the
presence of the XPS C 1s peak centered at 288.1 eV (O–CQO)
for the as-prepared silver nanoparticles with GO in Fig. 1B
reveals that there are still oxygenated carbon species in the
photoinduced products. The XPS results indicate clearly that
the GO nanosheets have been reduced in the photoinduced
Fig. 1 XPS spectra of (A) pristine GO and (B) silver nanoparticles with GO
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process of silver nanoparticles. Raman spectroscopy is a powerful
technique providing structural information on graphite materials.
Fig. 2 depicts the Raman spectra of pristine GO and silver
nanoparticles with GO after photoinduction. The Raman spectrum
of pristine GO shows two prominent peaks at 1595 cm1 and
1353 cm1, which correspond to the well documented G and D
bands of GO, respectively.28,52 The G band is assigned to the first-
order scattering of E2g phonons by sp
2 carbon atoms. The D band,
considered as a breathing mode of A1g symmetry, is related to
disordered conformations and defects of the graphene lattice.53–55
The Raman spectrum of silver nanoparticles with GO after photo-
induction displays some new peaks at 795 cm1, 1051 cm1 and
1628 cm1 besides the bands at 1587 cm1 and 1345 cm1 (curve
(a) in Fig. 2B). The new peaks in curve (a) in Fig. 2B are suggested to
be assigned to Raman bands of citrate and its decomposition
products,56 which is proved by the Raman spectrum of the silver
nanoparticles without GO after photoinduction (curve (b) in
Fig. 2B). A Raman peak at 1628 cm1 can be seen in curve (b),
overlaying the band at 1587 cm1 in curve (a). To disclose the
changes in the Raman spectrum of GO during the photoinduced
process, the difference spectrum between curve (a) and (b) in
Fig. 2B is obtained to remove the influence of the silver nanoprisms
in solution (Fig. 2C). The peaks at 1575 cm1 and 1346 cm1 in
the difference spectrum are attributed to G and D bands of RGO.55
Compared with the Raman spectrum of GO (Fig. 2A), the G and D
bands of RGO present shifting, which is probably due to reduction
of GO and the influence of the combination of silver nanoparticles.
The ID/IG ratio is a measure of the relative disorder present in
graphitic/graphenic structures.28,54 In the present study, the
intensity ratio of the D band to G band (ID/IG) decreased from
0.97 to 0.89 after light irradiation, implying an increase in the
size of sp2 domains.57 It was proposed that the elimination of
oxygen species with the reintroduction of large aromatic
domains resulted in the decrease in ID/IG ratio.
54,58 It is
possible that light irradiation diminishes defects and induces
the formation of more extended networks of conjugated sp2
carbons, which brings about a more locally ordered graphene
lattice.57,59 These results confirm that the RGO is produced
during the photoinduced growth of silver nanoparticles.
3.2 Photoinduced growth of silver nanoparticles
Silver nanoprisms were synthesized from silver seeds through a
photoinduced method. The yellow silver seed solution in the
absence of RGO changed to green and finally to blue during the
irradiation process (Fig. 3A). The acquired blue silver nano-
particles were triangular in shape, which has been reported
previously.12,13,48 Fig. 4A shows the evolution of extinction
spectra corresponding to as-synthesized silver nanoparticles. As
can be seen, there is only a single extinction band centered
around 400 nm in the extinction spectrum of silver nanoparticles
after irradiation for 30 min, which is attributed to LSPR of silver
seeds.48 As irradiation continued, there was a new extinction
band arising at a long wavelength after 270 min, which indicates
Fig. 2 Raman spectra of (A) pristine GO before light irradiation, and (B) the
silver nanoparticles (curve (a)) with GO and (curve (b)) without GO after
photoinduction. (C) Diﬀerence spectrum of the Raman spectra (curves (a) and
(b)) in (B), corresponding to RGO after photoinduction. All the Raman spectra
were treated through background subtraction and smoothing.
Fig. 3 Photographs of silver nanoparticle solutions irradiated for 30, 150, 270,
330, 420 and 510 min with diﬀerent concentrations of GO: (A) 0 mg mL1,
(B) 0.5  103 mg mL1, (C) 1.0  103 mg mL1, and (D) 2.0  103 mg mL1.
Fig. 4 Extinction spectra of silver nanoparticle solutions at diﬀerent times
under irradiation with diﬀerent concentrations of GO: (A) 0 mg mL1,
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that anisotropic silver nanoparticles were fabricated by photoinduc-
tion.12,13 The intensity of the extinction band at the long wavelength
increases while that at around 400 nm decreases. Eventually,
the LSPR band of silver seeds vanishes, implying that the silver
seeds have been transformed to anisotropic silver nanoparticles
(Fig. 4A). The final extinction spectrum of silver nanoparticles
in the absence of RGO displays three bands centered at 332, 510
and 706 nm, which are assigned to the out-of-plane quadrupole,
in-plane quadrupole and in-plane dipole plasmon resonance
modes of silver nanoprisms, respectively.12,13,48
3.3 Acceleration eﬀect of RGO on photoinduced synthesis
The GO with diﬀerent concentrations was added into the silver
seed solutions to investigate the eﬀect of RGO on the photo-
induced synthesis of silver nanoparticles. During the irradiation
process, colors corresponding to silver nanoparticle solutions
with RGO are similar to that without RGO (Fig. 3B–D). However,
it was found that the color changes of silver nanoparticles in the
presence of RGO were faster than those in the absence of RGO.
Specifically, when the irradiation time was 270 min, the silver
nanoparticles without RGO were still yellow and the silver
nanoparticles with RGO became yellow green (for an initial GO
of 0.5  103 mg mL1) and blue (for an initial GO of 1.0  103
and 2.0  103 mg mL1). This indicates that the presence of
RGO in the reaction system promoted the shape conversion of
silver nanoparticles. To further verify the influence of RGO on
the photoinduced growth of silver nanoparticles, the extinction
spectra of silver nanoparticles without and with RGO at different
reaction times were compared. The evolution of extinction
spectra of silver nanoparticles with RGO is similar to that
without RGO (Fig. 4). Nevertheless, the extinction spectra of
silver nanoparticles with RGO changed faster than those with-
out RGO. The silver nanoparticle solutions with 0.5  103,
1.0  103 and 2  103 mg mL1 of GO show a new extinction
band at a long wavelength after 150, 90 and 90 min respectively
(Fig. 4B–D). While, the same extinction band appeared in
the extinction spectra of silver nanoparticles without RGO after
270 min (Fig. 4A).
In order to investigate the acceleration eﬀect of RGO in
detail, the LSPR band of silver seeds around 400 nm was plotted
as a function of photoinducing time (Fig. 5). It has been
demonstrated that the silver nanoprisms were fabricated from
the conversion of silver seeds in the reaction system.12,13 The
disappearance of the LSPR band corresponding to silver seeds
implies the completion of the photoinduced reaction of silver
nanoparticles. Therefore, the decreasing rate of the LPSR of
silver seeds can denote the photoinduced reaction rate. As can
be seen from Fig. 5, the decreasing rates of the silver seed LSPR
band corresponding to the samples with RGO were faster than
that without RGO, which reveals that the photoinduced growth
rates of silver nanoparticles increased dramatically. The spectral
results demonstrate that the presence of RGO in the reaction
system increases the photoinduced growth rate of anisotropic silver
nanoparticles. It is noted that the change rate of the silver seed
LSPR band increased as the concentration of RGO in the solution
increased (Fig. 5). However, the evolutions of the extinction spectra
corresponding to the silver nanoparticle solution with 1.0 103
and 2  103 mg mL1 GO are tending to consensus. These
results indicate that the photoinduced reaction rate increased
with increasing concentration of RGO at a certain concentration
range of RGO.
To gain further information about the photoinduced growth
of silver nanoparticles involving RGO, TEM characterization
was performed to observe the evolution of morphologies of
silver nanoparticles. Fig. 6 shows the TEM images of silver
nanoparticles without RGO and in the presence of RGO with
diﬀerent concentrations taken at diﬀerent photoinduced reac-
tion times. Most of the silver nanoparticles without and with
RGO were still small when the silver seeds were irradiated for
30 min (Fig. 6). As the irradiation progressed, the triangular
silver nanoplates have been seen in TEM images of nano-
particles with higher concentration of RGO (GO 1.0  103 and
2.0  103 mg mL1) after 150 min. But no silver nanoprisms
appeared at this time in the corresponding TEM of silver nano-
particles without RGO (Fig. 6A) and with lower concentration of
RGO (Fig. 6B). Subsequently, most of the silver nanoparticles have
been transformed to silver nanoprisms in the presence of RGO
(GO 1.0  103 and 2.0  103 mg mL1) after 270 min (Fig. 6C
and D). Comparing the morphologies of silver nanoparticles
without RGO and those with RGO, it is inferred that the presence
of GO in reaction solution accelerated the shape conversion of
silver nanoparticles from spheres to prisms under light irradia-
tion. The silver nanoparticles without GO were finally converted
into the silver nanoprisms after 510 min (Fig. 6A). The corners of
silver nanoprisms with RGO became round when they were
irradiated continually to 510 min (Fig. 6B–D). The TEM results
prove that the presence of RGO in solution increases the rate of
photoinduced growth of silver nanoparticles.
3.4 Structural characterization of silver nanoparticles
It has been previously reported that the basal plane of the silver
nanoprism is the {111} plane.12,13 In order to observe the
influence of RGO on the structure of as-synthesized silver
nanoprisms, HRTEM characterization was performed on the
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silver nanoprisms. Fig. S1 (ESI†) shows the HRTEM images of
the silver nanoprisms synthesized by the photoinduced growth
method recorded perpendicular to their flat faces. The fringes of
the silver nanoprismwithout RGO are separated by 2.48 Å (Fig. S1A,
ESI†), which can be attributed to the (1/3){422} reflection that is
generally forbidden for an fcc lattice.12,13,60 The HRTEM image of
the silver nanoprism with RGO displays the same fringes (2.48 Å),
which demonstrates that the presence of RGO did not change the
(1/3){422} reflection of silver nanoprisms.
To further identify the crystal structure of these silver
nanoprisms, the XRD patterns were investigated. As can be
seen from curve (a) in Fig. 7, the XRD pattern of silver nano-
prisms without RGO presents a strong peak assigned to {111}
facets and three weak peaks ascribed to {200}, {220} and {311}
facets, which is consistent with the previous report.61 However,
compared with the XRD peaks of the silver nanoprisms without
RGO, the relative intensity of the XRD peak assigned to the
{111} basal planes of silver nanoparticles with RGO decreased
(curve (b) in Fig. 7), which implies that the presence of RGO in
the photoinduced reaction could influence the structures of
{111} facets of silver nanoprisms.
3.5 Influencing factors involving formation of RGO
Fig. S2 (ESI†) shows the TEM image of RGO in the silver nanoprism
solution after photoinduced reaction. Corrugation of RGO on the
TEM image was observed, revealing that the RGO was in sheet
form. No conjunction of RGO and silver nanoparticles was seen in
the TEM images. This is probably due to removal of surface oxygen
groups (hydroxyl, carboxyl, and epoxy) of RGO after deoxidiza-
tion.62,63 It was reported that NaBH4 as a reducing agent could
reduce GO to RGO under certain conditions.51,64 In this study, it is
possible that the GO in solution was reduced by residual NaBH4
used for formation of silver seeds. To examine this, the same
amount of NaBH4 as that used for silver seed preparation was
added to the GO solution. The solution including GO and NaBH4
with aluminium-foil paper to shade light was placed under a
sodium lamp for 12 h. The extinction spectrum of the original
GO nanosheet aqueous solution presents an extinction band
centered at 230 nm (Fig. 8A), which is assigned to p–p* transition
of aromatic C–C bonds.52,62 Compared with the original GO
solution, the solution of GO with NaBH4 does not exhibit an
obvious change in the extinction band at 230 nm attributed to
GO nanosheets, which reveals that the produced RGO in the
silver nanoprism solution was not derived from the reduction
role of NaBH4 added to silver seeds (Fig. 8A). In addition, the
GO solution was irradiated under a sodium lamp for different
time periods to clarify the effect of light irradiation on
reduction of GO. Fig. 8B displays the extinction spectra of GO
in the irradiation process. As can be found, the extinction band
of GO solution red-shifts to 256 nm from 230 nm, which
indicates that the GO can be converted to RGO by light
irradiation.59,62,65 These results demonstrate that the RGO in
the silver nanoprisms was generated from GO through light
irradiation, which is consistent with the previous report.57
Fig. 6 TEM images of silver nanoparticles under irradiation for diﬀerent periods with diﬀerent concentrations of initial GO. (A) 0 mg mL1, (B) 0.5  103 mg mL1,
(C) 1.0  103 mg mL1 and (D) 2.0  103 mg mL1.
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3.6 Mechanism of the acceleration eﬀect of RGO
The mechanism of photoinduced growth of silver nanoparticles
has been investigated, previously. The dipole plasmon excita-
tion by irradiation induces charge separation on the silver seed
surface and assists the photo-oxidation of citrate on the silver
seeds.25,26 A possible anisotropic distribution of charge induced
by dipole plasmon excitation results in the transformation from
the silver seeds to anisotropic silver nanoprisms. In this growth
process, it was suggested that larger silver particles served as
plasmonic seeds for photo-reduction of silver ions which were
produced by the oxidation of smaller silver particles.25 In the
present research, RGO nanosheets involved in the photoinduced
process increased the growth rate of silver nanoprisms. A
plausible mechanism in which RGO interacts with electrons
and silver nanoparticles is depicted schematically in Scheme 1.
It is possible that the hot electrons–holes are produced by
plasmon dephasing on the surface of silver seeds. Subsequently,
citrate is photo-oxidized by hot holes from plasmon excita-
tion.25,26 It is well known that graphene can enhance photo-
catalytic activity of TiO2 through retarding charge recombination
caused by a high electronic mobility.41,44 The high electronic
conductivity of graphene can promote charge transportation and
separation.40,41,43–46,65 In this study, it is suggested that RGO
could accelerate the charge separation from plasmon dephasing
due to its excellent electron–hole transport property. The hot
holes from the plasmon excitation of silver particles could be
taken up by the citrate through graphene sheets (Scheme 1). In
addition, a large specific surface area of RGO possibly advances
the interaction of RGO and citrate to promote the electron
donation by citrate. The charge transfer could happen from
the graphene to the metal nanoparticles.59 The electrons in
RGO sheets could transfer to the surface of silver nanoparticles
to fill the hot holes from the plasmon excitation of silver
nanoparticles. The photo-assisted oxidation of citrate could
result in injecting electrons into the RGO sheets. In the photo-
induced process, RGO as an electron transfer medium enhanced
the charge separation on the surface of silver particles from
plasmon induction, which accelerated photo-oxidation of citrate
and photo-reduction of silver ions in solution.
4. Conclusions
The reduced graphene oxide (RGO) was found to accelerate the
photoinduced growth of silver nanoprisms. XPS and Raman spectro-
scopy characterization demonstrated that RGO was produced from
graphene oxide (GO) by light irradiation during the synthesis of
silver nanoparticles. The photoinduced reaction rate increased as
the concentration of RGO in solution increased within a certain
range. It is suggested that the acceleration eﬀect of RGO could be
attributed to electron transfer between RGO and silver nanoparticles.
The investigation into the interaction of RGO and silver nano-
particles is in favor of the development of the fabrication of noble
metal nanostructures involving RGO as well as their applications in
optical sensing devices.
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